Fabrication of a variable diffraction efficiency phase mask by multiple dose ion implantation by Erickson, L.E. (L. E.) et al.
Fabrication of a variable diffraction efficiency phase mask by multiple dose ion
implantation
L. E. Erickson, H. G. Champion, J. Albert, K. O. Hill, B. Malo, S. Thériault, F. Bilodeau, and D. C. Johnson 
 
Citation: Journal of Vacuum Science & Technology B 13, 2940 (1995); doi: 10.1116/1.588283 
View online: http://dx.doi.org/10.1116/1.588283 
View Table of Contents: http://scitation.aip.org/content/avs/journal/jvstb/13/6?ver=pdfcov 
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing 
 
Articles you may be interested in 
Damage to epitaxial GaN layers by silicon implantation 
Appl. Phys. Lett. 69, 2364 (1996); 10.1063/1.117526 
 
Si ion implantation‐induced damage in fused silica probed by variable‐energy positrons 
J. Appl. Phys. 79, 9022 (1996); 10.1063/1.362579 
 
Point defects in As‐grown and ion implanted GaAs probed by a monoenergetic positron beam 
AIP Conf. Proc. 303, 92 (1994); 10.1063/1.45550 
 
Annealing of ion‐implanted GaAs with Nd:Glass laser 
AIP Conf. Proc. 50, 603 (1979); 10.1063/1.31724 
 
Raman Spectroscopy of Pulsed‐laser annealed ion implanted silicon 
AIP Conf. Proc. 50, 429 (1979); 10.1063/1.31692 
 
 
 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. IP:  134.117.97.252 On: Tue, 08 Mar 2016 18:53:11
Fabrication of a variable diffraction efficiency phase mask
by multiple dose ion implantation
L. E. Erickson and H. G. Champion
Institute of Microstructural Sciences, National Research Council, Ottawa K1A 0R8, Canada
J. Albert, K. O. Hill, B. Malo, S. The´riault, F. Bilodeau, and D. C. Johnson
Communications Research Center, P.O. Box 11490, Station H, Ottawa K2H 8S2, Canada
~Received 2 June 1995; accepted 24 August 1995!
Apodized fiber Bragg gratings show reductions in the unwanted sidebands from those of uniform
Bragg grating. A phase mask whose diffraction efficiency varied from the center to the ends was
fabricated by implanting a grating pattern in a SiO2 substrate with Si11 and wet etching in diluted
HF. The phase mask diffraction efficiency vs ion dose was measured. Using this phase mask,
apodized Bragg gratings were photoimprinted into fibers. The sidebands of the apodized fiber
gratings were 26 dB below the peak of the central resonance compared to 12 dB for the uniform
Bragg grating. The modeled values were 29 and 13.2 dB, respectively.
I. INTRODUCTION
The use of diffraction gratings for optical filters in fiber
optic systems and for feedback elements in lasers is limited
by the grating reflections at wavelengths other than the de-
sired wavelength. The spectral response of a uniform Bragg
diffraction grating of finite length in an optical fiber contains
the strong central resonance for incident light centered at the
principal order and a periodic series of lower reflectance
maxima surrounding this central feature. For a uniform N
line grating of pitch d , a sin2(lp)/(lp)2 modulation function
is superimposed upon the strong central feature because of
the abrupt beginning and end of the grating. @l5Nkd/2,
k52pn/l0 , n is the refractive index in the fiber, and l0 is
the vacuum wavelength of the light. p5sin~ui!2sin~uo!,
where uI and uo is the Bragg angle between the normal to the
grating and the direction of the incoming and outgoing light,
respectively. In this case uI5p/2, uo52p/2, p52.1# This
intensity function is valid for small excursions Dk around the
central feature at k052pm/nd ~m is the order!. This model
gives nearest sideband reflectances only 13.2 dB below the
peak response near Dk51.5k0/N away from the peak reso-
nance k0 which would compromise a multichannel commu-
nication system where Bragg grating filters are used to de-
multiplex the signals. These sidebands can be reduced by
using an apodized grating whose elements have zero reflec-
tivity at either end, increasing to a maximum at the center.
Hydrogenated communication single-mode fibers exhibit
a high UV photosensitivity. Permanent refractive index
changes result from exposure to UV light. Exposing the fiber
to UV light, spatially periodic along its length, produces a
periodic variation of the refractive index along the fiber. Uni-
form fiber Bragg gratings are photoimprinted by spatially
periodic light resulting from the interference of two light
beams.2 This interference can be produced using a phase
mask where the light of orders 21 and 1 interfere at the fiber,
or by direct interference between two monochromatic light
beams. Apodized gratings have been photoimprinted previ-
ously by using a complex exposure scheme through a uni-
form phase mask3 or by variable intensity interference
patterns.4 The variation in coupling coefficient along the fi-
ber was produced by a variation in the UV light reaching the
fiber. This led to a change in the average index of refraction
as a function of the UV exposure. The result was a chirped
grating. In a new approach we have created an apodized
grating in a fiber using a phase mask with a variable diffrac-
tion efficiency.5 Because the average UV fluence reaching the
fiber was uniform, the photoimprinted grating using a vari-
able efficiency was not chirped. This article describes the
design and fabrication of the phase mask and gives data for
Bragg gratings photoimprinted in fibers using both a variable
diffraction efficiency mask and a uniform mask.
II. MASK DESIGN
The reflectivity spectrum of a uniform Bragg grating and
a truncated Gaussian apodized Bragg grating is shown in
Fig. 1. The uniform curve, derived from the sin2(Nx)/x2
model outlined in detail in Ref. 1, is equivalent to the spec-
trum obtained from the Fourier transform of a square pulse.
The apodized grating is modeled by a Fourier transform of a
truncated Gaussian shaped pulse.6 The parameters of the
Gaussian were those used to fabricate the phase mask de-
scribed in this article. ~This model is valid for grating reflec-
tivities less than '20%.! The uniform grating length was
chosen to give the same 23 dB widths for the central reso-
nance of both the uniform and the apodized gratings. The
discrete nature of the grating is modeled by integrating over
N intervals, where N is the number of grating lines. From
Fig. 1, the improvement in spectral characteristics of an
apodized grating compared to the uniform grating is clearly
seen. The nearest sidebands of the uniform grating lie 13.2
dB below the central resonance. For a Gaussian reflectivity
profile apodized grating, the largest sidebands 37 dB below
the central peak, are due entirely to the truncation of the
Gaussian profile at an amplitude equal 0.06 peak.
The fabrication of the nearly Gaussian profile phase mask
was accomplished by wet etching a maskless focused ion
beam ~FIB! implanted grating pattern in SiO2. The etching
rate of fused silica ~SiO2! in dilute HF is modified by Si11
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ion implantation.7 When a FIB system is used to implant a
line, and the substrate is etched in diluted HF, the line im-
plant becomes a groove whose width and depth depends on
the ion dose, the ion beam diameter, and on the range and
straggle of the implant. For 200 keV Si11 implants into
SiO2, a TRIM calculation8 yields a range ~depth!, width
straggle, and depth straggle of 320, 100, and 88 nm, respec-
tively. The beam diameter was 100 nm ~full width at half-
maximum!. The groove dimensions ~W ,D in nm! varied
from ~100,75! to ~550,300! for doses from 531013 to 431014
Si11 ions/cm2. The phase mask diffraction efficiency, calcu-
lated from these measured groove widths and depths, is
shown in Fig. 2. The calculated diffraction efficiencies at 193
nm of four uniform phase masks ~for four different Si11 ion
implant doses, and zero! are plotted versus implanted ion
dose. The solid line on Fig. 2 is a fit of a polynomial to these
five data points. This nonlinear relationship between the ion
dose and the phase mask diffraction efficiency was used to
obtain the fiber Bragg grating reflection coefficient from the
Gaussian dose function. The effect of the nonlinearity is to
flatten the top of the reflectivity profile compared to the
Gaussian, and to reduce the amplitude of the tails. In Fig. 1,
the reflection spectrum obtained from a Gaussian dose pro-
file modified by this nonlinearity, is plotted. Two 229 dB
sidebands surround the central peak, an 8 dB degradation
from the truncated Gaussian, but a '16 dB improvement
over the uniform grating. The truncation induced sidebands
are reduced because the abrupt cutoff amplitude is about
one-half of the Gaussian.
III. MASK FABRICATION
A variable diffraction efficiency phase mask was pro-
duced by FIB implanting a grating pattern into a fused SiO2
substrate with a 100-nm-diam, 200 keV Si beam. The sub-
strate was prepared by cleaning and coating with a 20-nm-
thick film of Al to dissipate the ion charge. The pattern con-
sisted of 930 lines, each 80 mm long, at a pitch of 1.075 mm,
to obtain a 1-mm-long grating. The Si11 ion dose followed a
Gaussian function @2.2531014 exp~2x2/3002! ions/cm2,
where x is measured in mm# along the grating length with the
maximum at the center of the pattern. Due to limitations of
the JEOL 104UHV FIB lithography system, the Gaussian
intensity profile was approximated by 40 discrete dose
steps.9 A second pattern of uniform dose, equal to 2.2531014
ions/cm2, was implanted on the same substrate. The substrate
was wet etched in a 1M% HF solution for approximately 45
min to produce a phase mask with the desired diffraction
efficiency.10
IV. RESULTS
This phase mask was used to photoimprint Bragg gratings
into standard hydrogenated single-mode telecommunication
fibers using 193 nm light from an ArF laser. This process is
shown schematically in Fig. 3. Typically, the exposure took a
few tens of seconds with an energy density of 250 mJ/cm2
and a repetition rate of 50 pulses/s. The reflectivity as a
function of position along the photoimprinted Bragg grating
was measured using low coherence reflectometry.11 This
technique, based on measuring the reflection coefficients
with a broadband light-emitting diode ~LED! source, has in
this instance a resolution of ,50 mm. The reflectivity as a
function of position within the low reflectivity ~1%! photo-
imprinted Bragg grating is shown in Fig. 4 for a 1-mm-long
uniform grating @curve ~a!#, and the apodized grating de-
scribed in the previous section @curve ~b!#. Low reflectivity
gratings were used to minimize distortion caused by reduc-
tion of the reflection signal from the distant parts of the grat-
ing. Noise in this measurement prevents the construction of a
useful transfer function between ion dose and photoim-
printed grating reflectivity, but the apodized grating shows a
resemblance to the Gaussian shape. The measured reflectiv-
ity spectrum of a 600-mm-long ~10% total reflectivity! uni-
form fiber Bragg grating is shown in Fig. 5 ~upper bold solid
line! together with the modeled uniform grating ~dashed nar-
row line!. The center wavelength is 1557.5 nm. The mea-
FIG. 1. The calculated reflectivity of a uniform and two apodized Bragg fiber
gratings. The uniform grating is 610 mm long. The solid line apodized
grating assumes a Gaussian reflectivity profile ;exp~2x2/3002! where x ~in
mm! is measured from the center of the grating truncated at x56500 mm.
The dashed line grating is for a Gaussian modified by the polynomial of Fig.
2, which corresponds to the spatial diffraction efficiency profile of the fab-
ricated phase mask.
FIG. 2. The phase mask diffraction efficiency ~at 193 nm!, calculated from
measured groove depths and widths as a function of the implanted Si11 ion
dose, is shown for four different implanted ion doses. The solid line is
obtained from a polynomial fit to the data points.
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sured reflectivity of the uniform grating is well fitted by the
model for the first two lobes surrounding the central peak.
This would be anticipated because the nonlinearities in the
dose versus reflectivity are unimportant. The highest sidelobe
is 12 dB below the central peak compared to the modeled
value of 13.2 dB. The apodized grating shares the measure-
ment noise and the nonuniformity of the uniform grating, but
adds a nonlinear functional dependence of the final Bragg
fiber reflectivity on the ion dose. The apodized curve ~lower
bold solid line! in Fig. 5 bears some resemblance to the
model but a detailed comparison is not possible. The falloff
of the side lobes as a function of offset from the center fre-
quency is not nearly as great as in the model ~narrow solid
line!. The best one can achieve with the peak ion dose used
here, is an apodized first sidelobe amplitude 29 dB below the
central peak, compared to the observed 26 dB. With a modi-
fied ion-dose exposure profile, which compensates for the
nonlinearities of the process, an 8 dB improvement could be
gained, but this may be lost in the 230 dB wings caused by
measurement noise, scattered light, and imperfections in the
grating line spacings.
V. CONCLUSIONS
A phase mask whose diffraction efficiency varied from
the center to the ends was fabricated by implanting a grating
pattern in a SiO2 substrate with Si11 and wet etching. The
functional dependence of the phase mask diffraction effi-
ciency versus ion dose was measured. Using this phase
mask, Bragg gratings were photoimprinted into fibers. These
apodized fiber gratings showed unwanted sidebands 26 dB
below the central resonance compared to the 212 dB side-
bands of a uniform Bragg grating imprinted using a uniform
phase mask on the same substrate. These reductions compare
to the modeled values of 29 and 13.2 dB, respectively.
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